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Why study open heavy flavor in heavy ion 
collisions?

• Relatively large mass allowing to use pQCD framework (p+p collisions)

• Established as an important independent probe of the sQGP medium (initial 
and final energy loss)

• Important baseline measurement for better understanding heavy quarkonia 
production

• Total number produced heavy quarks expected to scale with number of 
binary nucleon-nucleon collisions 

• Heavy quarks’ coupling with medium much stronger than originally expected 
(large suppression and collectivity)
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Measuring heavy quarks - Outline
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Measuring heavy quarks - Outline

Direct measurement
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Measuring heavy quarks - Outline

Direct measurement
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Indirect measurement
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Measuring heavy quarks - Outline

PHENIX measurements:

✓single electron
✓single muon
✓di-electron correlation
✓e-μ correlation

Direct measurement
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Indirect measurement
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Detecting electrons with the PHENIX central arms

- Kinematic coverage:
η < 0.35, Δφ = 2･π/2,

pT > 0.2 GeV/c

- DC, PC1 provide tracking

- RICH & EMCal provide very clean 
electron identification 

- E/p ~ 1 for electrons

- Small amount of detector 
material 0.4% X0, i.e. small 
photonic background
 

★ Data

•  MC (π0+Ke3)
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Sources of electrons: signal and background 
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Signal  = Inclusive spectrum - Background

Background estimated with two separate Cocktail and
Converter Methods
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Cocktail method

• All background sources measured 
by PHENIX

• Used as the input for the “hadronic 
cocktail”

• Decay kinematics and photon 
conversions reconstructed by 
detector simulation
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FIG. 13: (Color online) Invariant differential cross sections and multiplicity of electrons for electron cocktails in p+p and
Au+Au collisions at 200 GeV for the indicated centrality ranges.

error. In practice, the lower bound of the spectral shape
is determined by the smaller Kaplan function normalized
down a further 10%, while the upper bound is set by the
larger mT scaling function normalized up 10%.

While measured J/ψ pT spectra exist at RHIC ener-
gies, the Υ pT spectra have not been measured. Since
the overall production cross section for Υ is estimated to
be roughly 1% of that of the J/ψ, contributions from Υ
decay contribute much less to the single electron cock-
tail. A NLO calculation for Υ production in the color
evaporation model provides the input to the Monte Carlo
calculation of the central value estimates [58]. Without a

measured Υ pT spectrum to characterize the systematic
uncertainty to the Monte Carlo input, the same relative
systematic uncertainties derived from the J/ψ data are
applied to the Υ cocktail estimate. Compared to the
quoted uncertainties in the NLO calculation, the use of
data-driven systematic uncertainties for the Υ provides
a more conservative estimate.

A leading-order (LO) Drell-Yan calculation [59] of the
single-inclusive lepton pT spectrum, p+p→ (e++e−)/2+
X , is also included in the updated electron cocktail. The
calculation is for |y| < 0.5 and uses the CTEQ6M parton
distributions [60]. The scale used is pT , no cut is placed
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Converter method

• Converter material of known 
thickness (1.68 X0) placed around 
beam pipe

• Increase of background by a fixed 
factor due to photon conversions 
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FIG. 14: (Color online) Electron background cocktail with
quarkonium and Drell-Yan contributions for p+ p collisions.

on the lepton pair mass, and a K-factor of 1.5 is applied.
Figure 14 shows the cocktail for p+p collisions with the

quarkonium and Drell-Yan contributions. The bottom
section of the plot shows the ratio of the cocktail with
the quarkonium and Drell-Yan to that without.
PHENIX has measured the J/Ψ pT spectrum out to

5 GeV/c in Au+Au collisions at 200 GeV [61]. In order
to extrapolate out to higher pT , the measured J/Ψ spec-
trum from p + p collisions is scaled by RAA and Ncoll.
Above 5 GeV/c, two extreme scenarios are considered,
and the difference in the two resulting estimates for the
extrapolation is assumed as a systematic error. In the
first scenario, the RAA is kept constant from its value at
5 GeV/c. In the second scenario, the RAA is assumed
to increase linearly from its value at 5 GeV/c up to a
value of 1 at 10 GeV/c, above which it is assumed to be
constant. Figure 15 shows the cocktail with quarkonium
and Drell-Yan contributions for 0-20% centrality Au+Au
collisions.
The J/Ψ spectrum in Au+Au collisions has not been

measured separately for 0–10% and 10–20% centralities.
In order to estimate the electron background in these
centralities separately, we assume that the RAA of J/Ψ
is the same in 0–10% and 10–20% centrality collisions.

J. Converter subtraction method

The yields of photonic and nonphotonic electrons are
obtained by measuring the difference between inclusive
electron yields with and without a photon converter of
precisely known thickness: a brass sheet of 1.680 % ra-
diation length (X0). Figure 16 shows the corresponding
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FIG. 15: (Color online) Electron background cocktail with
quarkonium and Drell-Yan contributions for 0-20% centrality
Au+Au collisions.

peT spectra for MB events.
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MB events.

These yields can be expressed as the following rela-
tions:

NConv−out
e = Nγ

e +NNon−γ
e , (7)

NConv−in
e = RγN

γ
e + (1− ε)NNon−γ

e . (8)

Here, NConv−in
e (NConv−out

e ) is the measured electron
yield with (without) the converter. Nγ

e (NNon−γ
e ) is the

photonic (nonphotonic) electron yield. ε represents a
small loss of NNon−γ

e due to the converter. This blocking
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Cocktail vs. Converter Method
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• Good S/B > 1 for above 2 GeV/c

• Good agreement between two 
methods

• Extensive PT coverage 

• Good S/B essential for v2 analysis
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Heavy flavor electron spectrum 
in p+p collisions @ 200 GeV

• Necessary baseline measurement for 
heavy ion collisions

• Latest cocktail (Including J/ψ 
contribution at high pT)

• Agreement with FONLL (c+b) 
prediction PRL 95 122001(2005)

•  Good agreement in spectral shape

• σcc= 567 ± 57(stat) ± 224(sys) mb

• For bottom cross section need to 
know bottom to charm production 
ratio within HF electron spectrum

26

analysis methods (converter and cocktail) are combined:
at low pT (pT < 1.6 GeV/c) the converter subtraction
method is applied to the MB data set; at intermediate pT
(1.6 < pT < 2.6 GeV/c) the converter method is applied
to the PH data set; and at high pT (pT > 2.6 GeV/c) the
cocktail method is applied to the PH data set.
Figure 31 shows the ratio of nonphotonic electrons (in-

cluding charmonium, bottomonium, and Drell-Yan) to
the photonic background.
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FIG. 30: (Color online) (a) Invariant differential cross sec-
tions of single electrons as a function of pT in p+ p collisions
at

√
s = 200 GeV. The error bars (bands) represent the sta-

tistical (systematic) errors. The curves are the FONLL cal-
culations [66]. (b) The ratio of FONLL/Data as a function
of pT . The upper (lower) curve shows the theoretical upper
(lower) limit of the FONLL calculation. In both panels, a
10% normalization uncertainty is not shown.

B. Heavy flavor electron invariant yield (Au+Au)

The differential invariant yield spectra as a function of
peT for the measured signal electrons from heavy flavor
decays are calculated as in Eq. 24. N evt

i is the number of
events in a centrality class i (i = 0–10 %, 10–20 %, 20–
40 %, 40–60 %, and 60–92 %). εHadron(peT ) is the hadron
contamination factor that is mentioned in III E. εacc∆y(p

e
T )

is the acceptance correction in III F. εembed
i is the embed-

ding efficiency in III H. ∆peT is the peT bin width. ∆y is
the rapidity range (|y| < 0.5) where the input e± are dis-
tributed at the first stage of single particle simulation for
the acceptance calculation (see III F). NHF

i (peT , e
−) and

NHF
i (peT , e

+) are the resulting counts of signal electrons
and positrons from heavy flavor decays by the converter
method or cocktail method.
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FIG. 31: (Color online) Ratio of nonphotonic electrons to
photonic back- ground. Error bars are statistical errors and
the error bands show the cocktail systematic errors. The solid,
dashed, dot- dashed, and dotted curves are the remaining
nonphotonic back- ground from Ke3 , ρ → e+e−, ω → e+e−

, and hadron contamination, respectively.
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Figure 32 shows the invariant yield of inclusive and
nonphotonic electrons in Au+Au collisions for various
ranges in centrality. From top to bottom the spectra cor-
respond to data in MB events, the five centrality classes,
and the 2005 p+p data. The various curves are fits to the
p+p data scaled by powers of ten for clarity (each factor
is shown in the legend of Fig. 32). These spectra are pro-
duced by the converter method for 0.3 < pT < 1.6 GeV/c
and by the cocktail method for 1.6 < pT < 9.0 GeV/c.
The boxes and bars are systematic and statistical errors
for each data point, respectively. Most of the nonpho-
tonic electron yield is from the decay of open heavy flavor
mesons. The curves overlaid in the right panel of Fig. 32
are the fit to the corresponding data from p+p collisions
with the spectral shape taken from a FONLL calcula-
tion [66] and scaled by the nuclear thickness function
TAuAu for each centrality class. They are also scaled by
powers of ten for clarity. Each scaled FONLL curve al-
most agrees with the measured data in the low-pT re-
gion. On the other hand, we can see the disagreement
in the high-pT region between the measured data and
the FONLL curve in the minimum bias, 0–10%, 10–20%,
and 20–40% centrality classes. The data points are lower
than each FONLL curve at high-pT . To quantify the sup-
pression, the nuclear modification factor is calculated in
the next subsection.
The insert box in the right panel of Fig. 32 shows the

ratio of signal (electrons from heavy-flavor decays) to

arXiv:1005.1627 (PHENIX) 
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Bottom to charm ratio (e-K correlations) 

10
PRL 103 (2009) 082002

Bottom becomes dominant above 

PT of 4GeV/c 

Bottom quark cross-section: 

Reconstructing e-K(unidentified)   
invariant mass

Fit with PYTHIA simulation with 
varying b/c+b ratio
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Open heavy flavor from di-electron continuum 

11

measured correlated e-e+ pairs

Independent cross-check for
calculation charm and bottom
quark cross sections:

arXiv:0802.0050 (PHENIX) 
Published
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Open heavy flavor from di-electron continuum 

11

measured correlated e-e+ pairs

Independent cross-check for
calculation charm and bottom
quark cross sections:

arXiv:0802.0050 (PHENIX) 
Published
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Open heavy flavor from di-electron continuum 

σcc= 544 ± 39(stat) ± 142(sys)
                  ± 200(model) mb

σbb= 3.9 ± 2.5(stat) ± 32 (sys)

Good agreement with single
heavy flavor electron results.

11

measured correlated e-e+ pairs

Independent cross-check for
calculation charm and bottom
quark cross sections:

arXiv:0802.0050 (PHENIX) 
Published

Wednesday, January 5, 2011



Heavy flavor e± spectra in Au+Au @ 200 GeV

Total cross section scales with Npart

Visible large suppression in more 
central data selections at pT > 3 
GeV/c

12
arXiv:1005.1627 (PHENIX) 
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Nuclear modification factor vs. pT

Non-photonic e 

13
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Nuclear modification factor vs. pT

Non-photonic e Non-photonic e Suppression at pT > 3 GeV is almost 
as much as for π0 and ϱ
 
But shouldn’t heavy quark radiate 
less gluons then light quarks (dead 
cone effect) based on pQCD ?

Perhaps asking too much from 
pQCD when medium is so strongly 
interacting 

What about other mechanisms of 
energy loss?

13
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Nuclear modification 
- theory(ies)

• Energy loss due to elastic 
scattering 

• Heavy quark diffusion 

• Heavy flavor meson 
dissociation 

• Precise bottom to charm ratio 
critical

• Simultaneous matching to both 
RAA and v2 needed 

14
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Elliptic flow - V2

• Large HF electron v2 from Run-4 Au+Au 
measurement data (First measurement)

• Extended and improved measurement at 
high pT with Run-7 data due to improved 
reaction plane resolution (new reaction 
plane detector) 

• v2 measurements in several centrality 
classes 

15
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So do HQs flow ?

• Large HF electron v2 doesn’t 
automatically translate to large HQ v2

• Radiative energy loss models give 
only lower limit on v2. Data in better 
agreement with models assuming 
stronger coupling with the medium 

•  Recombination scenarios favor 
sizable c-quark v2  

• Once again precise bottom to charm 
ratio or direct B and D meson 
measurements needed for further 
testing of models

16
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Forward rapidity

• Full picture understanding needed

• No theoretical predictions of open 
heavy flavor muon production in 
forward rapidity

• PHENIX J/ψ data indicates larger 
suppression in the forward rapidity   

• Larger cold nuclear matter effects. 

• please

17
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Measuring single muons in muon arms

18

SIGNAL:
“Prompt” muons – muons 
resulting from decays of 
heavy quarks 

BACKGROUND:
Decay muons – muons from 
hadron decays 

Punchthrough hadrons – 
hadrons punching through 
the entire detector

OTHER SOURCES
Stopped hadrons – hadrons 
stopping in the shallow gaps
due to nuclear interaction with
the absorber.
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“Hadron cocktail”: estimating Background at 
forward rapidity

19

  Cocktail is pre-constraint by matching with data

  Generation of a “realistic” input PT spectra and
   mixture of dominant background sources
  (π, K, p …). 

   Particle propagation through PHENIX geometry using GEANT.

  In heavy ion collisions “Embedding” simulated tracks into real
  events to  reproduce effects of detector environment during
  heavy ion collisions . 
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Single muon spectra in p+p collisions (Run-5)

Independent South/North arms 
cross-check

Agreement with previous single 
muon result (Run-2)

Large systematic uncertainties 
in low pT region

Better agreement at high pT 
with FONLL(c+b) prediction at 
y = 1.65

20
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Cross section vs. y

21
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Single muon spectra (Cu+Cu)

Good agreement between 
single muon spectra in the 
north and south arms

Reduced systematic after 
combining spectra

22
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Single muon spectra (Cu+Cu)

Good agreement between 
single muon spectra in the 
north and south arms

Reduced systematic after 
combining spectra

22
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Single muon spectra in Cu+Cu collisions @ 200 GeV

First measurement of (forward 
rapidity) HF muon spectra in 
heavy ion collisions

Cu+Cu centrality ranges:
0-20%, 20-40%, 40-94% 

At higher pT most central 
datapoints visibly lower than 
scaled p+p reference

23
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RAA vs PT in Cu+Cu collisions

24
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RAA vs PT in Cu+Cu collisions

24
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RAA vs PT in Cu+Cu collisions

Large suppression of higher pT 
heavy flavor muons in the most 
central Cu+Cu collisions

Final results expected to be 
submitted for publication within 
few months 

Reduction of systematic errors 
needed. Expected after installing 
FVTX detector for Run-12

24
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Heavy flavor muons vs. electrons at higher pT

Warning! Not apples to apples 
comparison

Potentially larger HF muon 
suppression in Cu+Cu for Npart 
~90 compared to naive projection 
from HF electron measurements in 
Au+Au

About the same level of 
suppression if comparing the most 
central electron datapoint to the 
most central muon datapoint  

25
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Trying to understand apples vs. oranges

Central Cu+Cu vs. central Au+Au (same rapidity) dN/dy vs. y

Bjorken energy density for the collisions 
of same species expected to be about 
20-25% different between y~0 and 
y~1.65

Naively expectation suggest that heavy 
quarks see ~ 2 times less hot medium in 
Cu+Cu collisions in forward rapidity than in
Au+Au collisions in mid-rapidity. 

Yet the same level of suppression 

26
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e-μ correlation

27

Invariant Yield 2.11e-07 ± 3.04e-08(stat.) ± 3.5e-08(sys.)
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Summary

• Decade of variety of excellent measurements delivered by PHENIX

• Surprising results in open heavy flavor sector: Large suppression and 
collectivity

• Good progress on the theoretical side in qualitative understanding of possible 
in-medium effects

• Likely large cold nuclear matter effects in forward rapidity. Need some 
predictions here

• More precise (“direct”) measurement of open heavy flavor mesons with vertex 
detectors needed

28
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Open heavy flavor outlook for PHENIX

• A list of “finalized” open heavy flavor measurements headed towards 
publication in the nearest future

• “New” analyses underway using high statistics datasets (p+p, d+Au, Au+Au) 
from the RHIC Runs 8, 9 & 10

• HBD detector installed during Runs 9 & 10: Expected additional sizable 
reduction in the electron background

•  RHIC Run 11 underway. PHENIX taking first data with newly installed VTX 
detector. FVTX detector expected to be installed before Run 12

For details please see “PHENIX Future Flavor Measurements” by R. 
Noucier (BNL) on January 6 at 2:40 pm

29
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Back up slides
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37

matter created in heavy-ion collisions at RHIC and also
support quark coalescence(recombination) as a dominant
hadronization mechanism, which would mean that the
heavy quarks are also a part of the quark gluon plasma.
Therefore the sizable event anisotropy parameter v2 of
electrons from heavy quarks measured at low pT should
be related with the collectivity of the heavy quark. The
reduction or flattening of v2 in the high pT region would
have to be caused by the change of the dominant mech-
anism from the collectivity of the heavy quark to the
energy loss of the heavy quark, especially when most of
the heavy quarks are charm quarks. However the reduc-
tion can also be qualitatively understood by an increase
of the relative fraction of bottom quarks as a function of
pT and a smaller magnitude of event anisotropy for the
heavier quark.
In order to determine the charm quark v2, the mea-

sured nonphotonic electron v2 is compared to that ex-
pected from coalescent production of D mesons. Chi
square values are calculated for different combinations
of light and charm quark v2 values. The pT range is
restricted to below 2 GeV/c in order to be sensitive to
only the charm quark, and not to the bottom quark. The
quark coalescence is assumed to occur at similar veloci-
ties, therefore it gives the momentum ratio of about 1/6
for light/charm quarks, which is given by the ratio of the
effective mass of the quarks. A common shape of v2 vs pT
for both light and charm quarks is assumed, where this
shape is determined by the light hadron v2. For given v2
values of light and charm quarks, π, K and proton v2’s
and electron v2 from D mesons are calculated, then the
total chi-square sum is calculated and plotted in Fig. 46
as a function of the light quark v2 (horizontal axis) and
charm quark v2 (vertical axis). Both the horizontal and
vertical axes are normalized to the measured light quark
v2, so that unity corresponds to the light quark v2. The
chi-square minimum lies at about equal light quark and
heavy quark v2 magnitudes, although the relative error
in v2 is much larger for the charm quark than for the
light quark. This indicates a common quark collectivity
in the quark gluon plasma phase.

C. Viscosity to entropy ratio η/s

The ratio of shear viscosity η to entropy density s is
a key parameter that determines the damping rate in
a relativistic system. At temperature T , characteristic
damping times τ are of order η/sT [88].
While the apparent success of ideal hydrodynamics in

describing particle spectra and elliptic flow patterns at
RHIC would imply a vanishing value of η, straightfor-
ward arguments based on the uncertainty principle sug-
gest that the viscosity for any thermal system must be
non-zero[89]. This observation was extended by Kovtun,
Son and Starinets (KSS) [90], who demonstrated that
conformal field theories with gravity duals have a ratio
of viscosity η to entropy density s of 1/4π (in natural

FIG. 46: (Color online) χ2 map as a function of the light
quark v2 (horizontal axis) and charm quark v2 (vertical axis),
each divided by the measured light quark v2.

units). KSS conjectured that this value is a bound for
any relativistic thermal field theory, that is, η/s ≥ 1/4π.

The results presented in Section IV for RAuAu(peT )
and v2(peT ) show that heavy quarks lose energy in the
medium, while acquiring a substantial component of the
medium’s collective flow. Both of these effects may be
regarded as the damping of the initial non-equilibrium
dynamics of the “external” heavy quark by the medium.
The simultaneous description of these phenomena by the
model of van Hees et al. provides a straightforward, al-
beit indirect, method to infer the ratio of viscosity to en-
tropy density. The resonance model employed in Ref. [75]
leads to an estimate for the heavy quark spatial diffu-
sion constant Ds ∼ (4 − 6)/2πT for temperatures T in
the range 0.2 GeV < T < 0.4 GeV(see also Figure 23
of Ref. [91]). Moore and Teaney [74] perform a pertur-
bative calculation of this quantity, and find that for a
medium with three light flavors the ratio of Ds to the
hydrodynamic diffusion constant η/(ε+p) for the bulk (ε
is the energy density and p the pressure of the medium)
has a value of ∼ 6 roughly independent of the coupling
strength ∼ mD/T , where mD is the Debye mass. They
argue that the weak variation with coupling strength is to
be expected in this ratio of transport coefficients, making
it plausible that it remains near 6 in the strongly-coupled
regime. In this case, and approximating the thermo-
dynamic identity ε + p = Ts + µBnB ≈ Ts appropri-
ate for the baryon-free central region, one readily finds
η/s ∼ (1.33−2)/4π, that is, a value near the KSS bound
and consistent with other estimates for the RHIC plasma
based on flow [92, 93], fluctuations [94], entropy produc-
tion [95] and detailed hydrodynamic calculations [96, 97].
It should be noted that these various estimates are based
on observables of the “bulk” medium, in flavor channels
dominated by u, d and s quarks, while the result pre-
sented here relies explicitly on the coupling of heavy fla-
vor to the medium. The consistency of the derived value
of η/s supports both the strong coupling of heavy flavor
to the medium and the low value of η/s for the RHIC
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